Reliable computer simulations of complex biological environments such as integral membrane proteins with explicit water and lipid molecules remain a challenging task. We propose a modification of the standard generalized Born theory of homogeneous solvent for modeling the heterogeneous dielectric environments such as lipid/water interfaces. Our model allows the representation of biological membranes in the form of multiple layered dielectric regions with dielectric constants that are different from the solute cavity. The proposed new formalism is shown to predict the electrostatic component of solvation free energy with a relative error of 0.17% compared to exact finite-difference solutions of the Poisson equation for a transmembrane helix test system. Molecular dynamics simulations of melittin and bacteriorhodopsin are carried out and performed over 10 ns and 7 ns of simulation time, respectively. The center of melittin along the membrane normal in these stable simulations is in excellent agreement with the relevant experimental data. Simulations of bacteriorhodopsin started from the experimental structure remained stable and in close agreement with experiment. We also examined the free energy profiles of water and amino acid side chain analogs upon membrane insertion. The results with our implicit membrane model agree well with the experimental transfer free energy data from cyclohexane to water as well as explicit solvent simulations of water and selected side chain analogs.
I. INTRODUCTION
Computer simulations have long been established as a powerful method for studying the structure, dynamics, and energetics of biological macromolecules. 1 In particular, the modeling of water-soluble biomolecules has become straightforward with increasingly realistic and efficient methods. 2 However, reliable simulations of more complex biological environments, such as integral membrane proteins embedded in lipid bilayers, remain a challenging task. 3 For such computer simulations, an accurate description of the surrounding environment of biological molecules is a critical aspect in achieving a realistic energetic representation of those molecules. 4 An explicit inclusion of solvent molecules provides the most detailed information on the interactions between the solute and its environment. 2, 3 As an example of membrane-bound biomolecules, simulations of complex systems such as human aquaporin-1 5 and KcsA K + channels 6 with explicit lipids and water molecules have been successful in providing insightful information about their permeation mechanisms. However, due to a substantial number of solvent and lipid molecules that are needed in the explicit representation, the majority of computer time in such simulations is typically spent on computing the detailed trajectories of the surrounding environment rather than the biomolecules of interest. 7 Furthermore, the complexity of membrane protein environments requires elaborate protocols of setting up simulation systems with explicit lipids and solvents. 8 As an alternative to an explicit simulation, a mean field approach based on an implicit solvent description may be used to represent the environment. In such methods the solvent degrees of freedom are eliminated with a formulation that depends only on the solute conformation. 7 One successful implicit solvent approach describes the environment as a dielectric continuum, which gives rise to the solvent polarization effect described by the Poisson or PoissonBoltzmann ͑PB͒ equations. Although numerical solutions to the PB equation accurately represent the electrostatic component of the solvent-solute interaction, 9 it remains difficult to balance efficiency and accuracy when such an approach is applied to molecular dynamics simulations of biomolecules. [10] [11] [12] However, direct application of Poisson theory has been used successfully for determining free energy profiles upon membrane insertion of rigid models of cholesterol and derived steroid hormones.
A more efficient analytical approximation to solutions of the PB equation is given with the generalized Born ͑GB͒ formalism, where the electrostatic solvation free energy is expressed as an analytical pair-additive function between atoms.
14 Following recent improvements, [15] [16] [17] the GB model can predict the electrostatic solvation free energy within ϳ1% relative error from the exact numerical PB solution. 10 The GB model has been successfully applied to molecular dynamics simulations, 18, 19 the scoring of protein confirmations in structure prediction, 20 and protein-ligand binding free energy calculations. 21 While current GB methodology is very successful in modeling simple homogeneous dielectric environments, the implicit modeling of more complex environments, such as biological membranes, requires a heterogeneous description with a spatially varying dielectric constant. In the case of biological membranes, a layered dielectric environment with a low dielectric lipid interior surrounded by high dielectric lipid head groups and water molecules is most appropriate. 22, 23 First attempts at modeling such systems with the GB model essentially treat the membrane as an extension of the solute cavity with the same dielectric constant as the solute molecule ͑usually = 1͒. 24, 25 While such models were applied successful in some cases, 26 they remain fundamentally limited to a two-dielectric system ͑solute/ membrane versus water͒ and do not allow a dielectric boundary between the solute and the membrane interior. The use of an empirical solvent-exclusion model in simulations of membrane proteins was also reported. 27 However, the experimental data used to derive the solvation parameters are based on the transfer free energies from vapor phase to cyclohexane, and the membrane is simply viewed as a nonpolar hydrophobic homogeneous continuum. Here, we propose a novel modification of the standard GB formalism that allows the representation of heterogeneous dielectric environments. This method ͑called HDGB for heterogeneous dielectric generalized Born͒ is illustrated with an implicit model of biological membranes, which consists of multiply layered dielectric regions. All of the layered dielectric slabs have dielectric constants that are different from the solute cavity dielectric constant.
In the following, the standard GB theory is reviewed briefly, and our modifications to the existing formalism with respect to heterogeneous environments are introduced. Then, we present and discuss results from evaluating our model for the case of a biological membrane environment with a number of test systems.
II. THEORY

A. Implicit solvent based on the generalized Born formalism
In any solvent environment, the solvation free energy of a given solute may be decomposed into electrostatic contributions ⌬G elst , van der Waals interactions ⌬G vdw , and the cost that is required for forming the solute cavity ⌬G cavity :
11,28,29
In a homogeneous solvent environment ͓Fig. 1͑a͒; modeled as a continuous dielectric͔, the GB formalism expresses the electrostatic solvation free energy for a solute ͑represented as a set of point charges͒ according to the following pairadditive analytical expression:
14,30
where p is the solute cavity dielectric constant, w is the solvent dielectric constant, q i is the atomic charge of the ith atom in electron units, r ij is the interatomic distance between the ith and the jth atoms in angstrom, ␣ i is the so-called effective Born radius of the ith atom in angstrom, and F is a dimensionless empirical parameter usually taken to be 4 14 or 8 15 . The effective Born radius ␣ i is typically estimated in the Coulomb field approximation 31 ͑CFA͒ by the solute-volume integration approach, that is,
The integration is performed over the interior space of the solute except for the spherical region of a radius R i centered at the ith atom ͑R i is the van der Waals radius of the ith atom͒. However, it has been demonstrated that effective Born radii calculated in the Coulomb field approximation would give poor approximations to the atomic self-energies from the Poisson theory, while PB self-energies do in fact give near ideal results when Eq. ͑2͒ is used. 32 A higher order correction to the CFA was proposed in the GBMV formalism 15 as 
and A 4 is given by Eq. ͑3͒. Meanwhile other improvements to the simple CFA were proposed as well. 16, 33 Although the above formalism has become very successful in approximating the solutions to Poisson theory 34 for the high-contrast case of a low dielectric solute cavity surrounded by a high dielectric continuum ͑e.g., p = 1 and w = 80͒, it was recently pointed out that the effective Born radius varies according to the dielectric constant of the solvent. In fact, effective Born radii deviate increasingly from direct solutions of the Poisson equation when w approaches p in the low-contrast scenario of a solute in a nonpolar environment. 35 Motivated by the exact Kirkwood expression 36 for the reaction field of a single off-center charge in a solvated sphere, an expression was proposed that estimates the effective Born radius as a function of the dielectric constants of the solvent and the solute. The proposed expression is an extension of the regular GBMV formalism given in Eq. ͑4͒ and is based on the 1 / r 4 integral A 4 ͓Eq. ͑3͔͒ and 1 / r 7 integral A 7 ͓Eq. ͑5͔͒,
where C 0 , C 1 , D, and E are dimensionless free parameters. These four parameters are optimized with respect to the values of the electrostatic solvation energies ⌬G elst obtained by finite-difference solutions to the Poisson equation for a set of test proteins. The parameters were determined to be C 0 = 0.3225, C 1 = 1.085, D = −0.14, and E = −0.15, which led to a relative accuracy of ϳ1% with the GBMV formalism for the whole range from = 80 to low-dielectric environments.
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B. Extension to heterogeneous dielectric environments
In the case of a heterogeneous dielectric environment ͓Fig. 1͑b͔͒, it is immediately possible to introduce the idea of a local environmental dielectric constant i and to calculate Born radii ␣ i ͑ i , p ͒ according to Eq. ͑6͒. While the meaning of such a local dielectric constant in the context of a heterogeneous dielectric environment will be discussed further in a moment, a modified version of Eq. ͑2͒ may then be used to obtain the solvation free energy,
͑7͒
where the prefactor ͑1 / p − 1 / w ͒ is now inside the double sum, and ij ͑ i , j ͒ is a function of i and j ͑see below͒. Coming back to the concept of a local dielectric constant, we propose a definition based on the dielectric constant of the nearest solvent region. In the case of a biological membrane the environment can be described as multiple layers of infinite dielectric continua so that the dielectric constant only varies in the direction perpendicular to the membrane ͑termed z in the remainder of the paper͒. Stern and Feller have calculated the dielectric profile of a dipalmitoylphosphatidylcholine ͑DPPC͒ lipid bilayer in water from a 20 ns molecular dynamics simulation at 50°C and 1 atm. 22 While their analysis distinguishes between the z component and the x and y components parallel to the plane, we used their data as a guide to divide the membrane environment into different regions of isotropic dielectric media as shown in Fig. 2 . We should note that throughout this study we are approximating the geometry of DPPC bilayers, 37 and we will make appropriate remarks when comparing with data for different lipid bilayers. In a five-dielectric model, the dielectric constant values are chosen to be = 2 in the membrane interior for ͉z͉ between 0 and 10 Å ͑hydrocarbon tails of lipid molecules͒, = 7 for ͉z͉ between 10 and 15 Å ͑ester group region͒, = 180 for ͉z͉ between 15 and 20 Å ͑head group region͒, = 210 for ͉z͉ between 20 and 25 Å ͑head group/ interfacial water region͒, and = 80 otherwise ͑bulk water region͒. In a simpler three-dielectric model a value of 80 is assigned to the region beyond 15 Å motivated by the fact that a prefactor in Eq. ͑7͒ of ͑1 / 1͒ -͑1 / 210͒ or ͑1 / 1͒ -͑1 / 180͒ is approximately equal to ͑1 / 1͒ -͑1 / 80͒. A two-dielectric model was also considered in which the membrane is a homogeneous dielectric medium with = 1 ͑model B͒ or = 2 ͑model A͒ from 0 to 15 Å from the center. In all of these cases, the most straightforward approach would be to simply use the stepwise function ͑z͒, which maps the dielectric constants of the underlying layers and to define the local dielectric constant for an atomic site according to its position. This is problematic, however, because it neglects the effect of polarization at the dielectric boundaries that are present in a layered dielectric system in addition to any issues that arise due to discontinuities at the layer interfaces. In fact, if one considers the case of a spherical ion in the context of one or more planar dielectric interfaces, the electrostatic solvation energy obtained by solving the Poisson equation varies smoothly as a function of the z coordinate normal to the interfaces ͑see Fig. 3͒ .
If the solvation energy was only dependent on the dielectric environment of the layer where the center of the ion is located, the solvation energy could be calculated according to the Born equation 38 and would be constant within each dielectric layer, which is clearly not the case in this example. While Poisson theory treats the case of multiple dielectric boundaries correctly by solving the electrostatic potential throughout space, the GB formalism is inherently local and cannot explicitly incorporate additional dielectric interfaces that may be present in a given system. As a solution to this problem, we propose the introduction of an apparent dielectric constant at a given spatial location in the heterogeneous continuum environment, which reflects the effect of the entire environment on a probe at that location. This apparent local dielectric constant, termed Ј͑z͒, is obtained by solving the Born equation 38 in the case of a suitable spherical probe with the electrostatic solvation energy ⌬G elst ͑z͒ obtained from Poisson theory,
where q is a charge value of the probe ion ͑1 for the monovalent ion͒ in electron units and a is a radius of the ion sphere in angstrom.
In the case of our membrane model, the calculation of such an apparent dielectric constant is simplified by the membrane geometry and only depends on the z direction. Figure 3 shows the electrostatic solvation free energy ⌬G elst ͑z͒ of a monovalent spherical ion computed numerically by solving the Poisson equation as the ion moves across the implicit membrane models described in Fig. 2 . The radius of the ion was set to be 2 Å. In comparing the different models proposed above, we find that the maximum absolute difference in ⌬G elst between the five-dielectric model and the three-dielectric model is less than 0.9 kcal/ mol while the difference between the five-dielectric model and two-dielectric model A is substantial ͑up to 19 kcal/ mol͒. We also note that in the two-dielectric model B the transfer free energy of an ion from bulk water to the membrane center is almost twice as large compared to all other models. From this comparison, it appears that the three-dielectric model is sufficient in capturing the essential dielectric properties of biological membranes while the twodielectric model introduces rather large deviations from the most comprehensive five-dielectric model. Figure 4 shows the resulting apparent dielectric constant curves determined from Eq. ͑8͒ by using three different probe radii ͑1, 2, and 3 Å͒ for the three-dielectric model with dielectric constants of 2, 7, and 80. We would like to emphasize that the calculated apparent dielectric constant profile depends on the specific dielectric environment, and the profile will have to be recalculated for a different system, for example, for a membrane with a different width. While this is somewhat inconvenient, such a calculation only needs to be performed once for a given system. Since a suitable analytical description of the curves in Fig. 4 is not readily available, we decided to employ a cubic spline interpolation function with first derivatives set to zero at end points ͑0 and 25 Å͒, which results in a differentiable function needed for molecular dynamics FIG. 3 . The electrostatic contribution of the solvation free energy ⌬G elst is plotted for a monovalent spherical ion of radius 2 Å as the probe ion moves across the membrane along the z direction. Boxes and triangles represent the five-and three-dielectric models, although they may be difficult to distinguish. Stars ͑ = 2 and 80͒ and diamonds ͑ = 1 and 80͒ represent the two dielectric models. The different dielectric models for the membrane-water environment are described in Fig. 2 . simulations. 39 Based on such a function we then set i = Ј͑z i ͒ and determine the effective Born radius ␣ i of the ith atom from Eq. ͑6͒ for the apparent local dielectric constant Ј͑z i ͒. In order to calculate ij in Eq. ͑7͒, we propose the simple arithmetic mean:
C. Nonpolar contributions to the solvation free energy
The nonpolar contribution to the solvation free energy is especially important in heterogeneous environments. While many biomolecules remain stable in aqueous solvent just based on internal interactions and the electrostatic contribution to the solvation free energy, a varying nonpolar solvation free energy is essential in allowing molecules to remain in low-dielectric regions of heterogeneous environments. Based on the electrostatic interactions alone, any molecule would always be driven to the region of highest dielectric constant, where the screening of charge-charge interactions is maximized. Nonpolar contributions counteract the electrostatic effect, as they are usually more favorable in lowdielectric environments such as the interior of biological membranes. In the case of hydrophobic residues with a small electrostatic component, the nonpolar contribution wins out so that such entities become favorable in low-dielectric regions.
The nonpolar contribution to the solvation free energy is often approximated by a function that depends linearly on the solvent-accessible surface area, 14, 40, 41 summarizing both the cost of cavity formation and van der Waals solute-solvent interactions. While the solvent-accessible surface area model approximates the cost of cavity formation quite well, 40 we note that recent efforts are under way to modify this formalism in order to obtain a more accurate account of van der Waals solute-solvent interactions. 16, 28 For the purposes of this study, we continue to use the standard solvent-accessible surface area model for the entire nonpolar contribution, while possible improvements with regard to van der Waals terms in the context of a heterogeneous environment are deferred to a later study. In biological membrane environments, the nonpolar contribution is assumed to vary only along the z direction. Therefore, we will use the following functional form:
where SA i is a solvent-accessible surface area of the ith atom, ␥ is an empirical surface tension parameter to be determined, and S͑z͒ introduces the variation of the surface tension along the z direction.
In previous studies, a simple and relatively steep switching function was used to describe the change in the surface tension parameter from lipid membrane to bulk water. 24, 42 Such a switching function is basically motivated by a step function of low surface tension inside the membrane and high surface tension outside, which may fit well with a simple two-dielectric model, but is insufficient in combination with the more detailed, layered membrane model proposed here. A detailed free energy profile of O 2 upon insertion in the lipid membrane has been computed by the explicit molecular dynamics ͑MD͒ simulation. 43 Assuming that the solvent-accessible surface area is constant regardless to the position of oxygen, we used this data to define the shape of S͑z͒ in Eq. ͑12͒ as shown in Fig. 5 . In order to fit the data from explicit MD simulations 43 the following analytical and differentiable function was used:
The values of parameters c, z a , z b , and z c were determined to be 0.32, 0.5, 9.2, and 25 Å, respectively. As the nonpolar contribution is essentially zero in the membrane interior 43 and the function S͑z͒ is scaled to the interval ͓0, 1͔, the value of ␥ in Eq. ͑10͒ should reflect the surface tension in aqueous solvent. Other studies have used water surface tension parameters from 5 40 to 33 8 , with lower values justified by experimental transfer energies for the alkane series 40, 44 and successful folding studies of peptides with implicit solvent. 45 We tested different values in this range and found that values between 5 and 15 cal/ mol/ Å 2 give best results. In the following we will show results for 5, 10, and 15 cal/ mol/ Å 2 in order to demonstrate the effect of this parameter.
III. METHODS
The new formalism for modeling biological membranes with the heterogeneous dielectric GB method in the preceding section was implemented based on the GBMV method 15 in the macromolecular simulation package CHARMM, 46 ,47 version c30b0. All charge values and van der Waals radii used are taken from the standard CHARMM22 force fields and parameters. 47 All hydrogen atoms are constructed by using the HBUILD module in CHARMM program. Exceptions are noted otherwise.
A. Test systems
In order to test the agreement between our new HDGB model and Poisson theory we generated 64 different orientations of the M2 channel-lining segment from nicotinic acetylcholine receptors and computed the electrostatic solvation free energies for each orientation. The experimental structure of M2 ͓PDB entry 1EQ84 ͑Ref. 8͔͒ was manually rotated at nine different angles and translated in seven different increments from the center of the membrane in order to span interior and exterior regions of the lipid bilayer. For this comparison, we used the three-dielectric model of the membrane-water system for our membrane GB calculation ͑Fig. 6͒. The reference values for the electrostatic solvation free energy were computed by solving the Poisson equation with the finite difference method implemented in the PBEQ module 42, 49 of CHARMM program. The focusing method was used. The grid spacing was reduced from 0.8 Å to 0.2 Å via 0.4 Å. A water probe radius of 1.4 Å was used to define the molecular surface. We assessed the reliability of our membrane GB theory including the nonpolar contributions by analyzing several test systems. Different values of the surface tension parameters ͑5, 10, and 15 cal/ mol Å 2 ͒ were used to estimate the effect of their magnitude for all simulations with exceptions noted. Solvation free energy profiles in the lipid membrane were calculated for an SPC water molecule 50 and amino acid side chain analogs. For the case of amino acid side chain analogues, our implicit membrane GB model as well as the two-dielectric model GBSW ͑Refs. 24 and 26͒ was used for comparison. For GBSW calculations, we used 0.04 kcal/ mol Å 2 with a membrane thickness of 30 Å.
Molecular dynamics simulations of melittin from bee venom and bacteriorhodopsin ͑bR͒ from Halobacterium salinarum were performed with our HDGB model. The details of force field parameters of the protonated retinal Schiff base can be found in Saam et al. 51 For both molecular dynamics simulations we employed the recently improved CMAP / torsion potential. 18 The starting structures of melittin and bacteriorhodopsin were taken from the x-ray crystallographic structures ͓PDB entry 2MLT ͑Ref. 52͒ and 1QHJ, 53 respectively͔. Melittin was terminated with a charged C terminus and a neutral N terminus. 8 Its center of mass was placed at z = 19 Å initially. Bacteriorhodopsin was terminated with a charged standard terminus at both ends, and its center of mass was placed at membrane center ͑z = 0͒. Standard protonation states were used for all amino acids of bacteriorhodopsin except that the residues Asp96 and Asp212 were protonated. 27, 54 The systems were heated from 0 K to 300 K for 135 ps for melittin and 160 ps for bacteriorhodopsin while the harmonic constraint on the backbone atoms of melittin was released gradually. The temperature of the system was controlled by using Langevin dynamics with a friction coefficient of 5 ps −1 for all atoms except for hydrogen. The SHAKE algorithm 55 was used to fix the bond length to hydrogen atoms, which allowed a simulation time step of 2 fs.
IV. RESULTS
A. Membrane generalized Born model versus Poisson theory
The electrostatic solvation free energies from the HDGB formalism were computed by using the three apparent dielectric constant profiles for probe radii of 1, 2, and 3 Å ͑see Fig.  4͒ . The comparison with the PB reference values is shown in Fig. 7 . We found that the relative errors S between our HDGB model and the PB reference values are 0.39% for the 1 Å radius, 0.17% for the 2 Å probe radius, and 0.50% for the 3 Å probe radius. While all of these values show excellent agreement between HDGB and PB theory, the agreement is best when the apparent dielectric profile for the 2 Å probe radius is used. Based on these results, we used the apparent dielectric profile of the 2 Å probe radius in all other calculations. The choice of a 2 Å probe also agrees best with the typical distance of heavy atoms from the molecular surface.
B. Free energy profile of water and amino acid side chain analogs across membrane
As a first test of our membrane model, we studied the free energy profile of water and amino acid side chain ana- FIG. 6 . The M2 channel-lining segment from nicotinic acetylcholine receptors ͓PDB entry 1EQ8 ͑Ref. 48͔͒ is placed in the membrane-water system which is modeled as three dielectric media ͑hydrocarbon interior, ester group, and the rest͒. The partition of the membrane-water system into different regions is based on explicit simulations ͑Ref. 22͒. logs upon membrane insertion based on the three-dielectric implicit membrane model. In these tests we added the nonpolar contribution based on the solvent-accessible surface area model as described in Sec. II. For the SPC water model, a free energy profile is available from explicit MD simulations of water and DPPC lipid molecules. 43, 56 In order to match the explicit model as closely as possible, some modifications of our model were necessary. SPC water underestimates the dielectric constant of bulk water with a value of 65. 57 We scaled the apparent dielectric constant profile to yield a matching value of 65 in the bulk water region rather than 80. We also modified the oxygen radius of the SPC model, which is used to define the dielectric boundary, to a value of 1.8950 Å so that the electrostatic solvation energy of −8.4 kcal/ mol found from explicit MD simulation for the SPC model 58 is reproduced by the implicit model. Assuming a fixed conformation, the free energy profile of water and amino acid side chain analogs upon membrane insertion were obtained from averaging the solvation free energy for different orientations at a given fixed center-of-mass distance z from the membrane center.
In Fig. 8 , the free energy profiles for the SPC water model, computed with three different surface tension parameters ͑5, 10, and 15 cal/ mol Å 2 ͒, are compared with the profile from the explicit MD simulation. While the overall agreement is good for the implicit nature of our model, we find deviations in the transfer free energy from water to the membrane center of about −0.5, −1.0, and −1.5 kcal/ mol for surface tension parameters of 5, 10, and 15 cal/ mol Å 2 , respectively. A shallow minimum in the implicit free energy profile on the order of kT is located in the region around 17 Å which is not present in the data from the explicit MD simulation and becomes more pronounced with increasing surface tension values.
One possible explanation of the discrepancy between our model and the explicit MD simulation results is that it has been assumed so far that the solvent-accessible molecular surface remains constant along the z direction inside and outside of the membrane. The effect of the change in the effective excluded molecular volume from bulk water to membrane is probably not negligible. For a small spherical molecule such as water, lipid molecules are unlikely to be able to wrap around the small high-curvature spherical surface, whereas near perfect packing is possible in aqueous phase. As a result, the effectively excluded volume of water inside the lipid membrane could be increased substantially. While we plan to investigate this question in detail with explicit lipid MD simulations that are beyond the scope of the present study, we can roughly estimate the effect of the volume change based on the difference in the free energy profiles between our membrane GB model and explicit MD simulations. The electrostatic contribution to the solvation free energy is modulated strongly by a change in the excluded volume as given by the choice of atomic radii that define the excluded volume in the implicit model. In the case of water, only the oxygen radius is relevant, since the hydrogen atoms are embedded completely within the van der Waals sphere of the water oxygen. Therefore, the free energy profile of water can be matched by altering the oxygen radius suitably as a function of z. As a result we obtained the oxygen radius profile ͑shown in Fig. 9 top͒, which leads ͑by construction͒ to very close agreement of the free energy profiles from implicit solvent and the explicit simulations ͑Fig. 9 bottom͒. Here, we did not change the nonpolar contribution based on oxygen ͑Fig. 5͒, since the nonpolar profile of water was found to be very similar to the oxygen from explicit lipid simulations. 43, 56 However, in the case of larger molecules, the standard set of atomic radii is assumed to be appropriate for the electrostatic contribution to the solvation free energy because a much closer contact is possible between the lipids and a lowcurvature molecular surface. However, the nonpolar contribution, which is based on the small oxygen molecule, may need to be corrected for large molecules for the same reason the electrostatic contribution is corrected for water. If we assume that the correction of the water oxygen radius as a function of z ͑Fig. 9 top͒ is indicative of how the effective excluded volume is enlarged in the membrane interior, we can use that data to estimate the correction of the nonpolar contribution for large molecules. As a result we obtained the profile shown in Fig. 10 with the parameters c, z a , z b , and z c in Eq. ͑11͒ determined to be 0.18, 0.5, 8.5, and 25 Å, respectively. We tested the modified nonpolar curve with a new MD simulation of melittin with the results described below.
In Fig. 11 , the free energy profile of neutral amino acid side chain analogs across three-dielectric model membrane were computed without any radius modification ͑uncor-rected͒ and with the radii of all atoms scaled according to the ratio given in Fig. 9 ͑corrected͒. We also computed the free energy profiles by using the two-dielectric implicit membrane model GBSW ͑Refs. 24 and 26͒ for comparison. For methanol, acetamide, and acetic acid, explicit MD simulation results 59 were available and are shown as well. For these free energy profile calculations, we used a surface tension parameter of 15 kcal/ mol Å 2 since we found that this choice best described the position of melittin in membrane from the molecular dynamics simulations of melittin ͑described below͒. Table I summarizes our results showing the free energies of transfer from the center of the membrane to bulk solvent for uncharged species at pH = 7. Amino acid side chain analogs are arranged in increasing order of the solvent accessible surface area ͑SASA͒. For molecules with SASA less than 270 Å 2 except 4-methylimidazole, the agreement of our model with the experimental free energies of transfer from cyclohexane to water is better with the radius modification applied. For toluene, p-cresol, and 3-methylindole, SASA is close to or bigger than 300 Å 2 , and the agreement is better without the radius modification. This result is consistent with the idea that larger molecules can be packed more efficiently in the lipid environment. The free energy of transfer for 4-methylimidazole is computed more accurately without the radius correction although it has SASA less than 270 Å 2 . The shape of 4-methylimidazole is, however, planar, and a closer contact is possible between the lipids if the small molecule is oriented vertically. The errors of our model are within about 1.5 kcal/ mol when the radii are modified for the smallest molecules as suggested. These results may be compared with aqueous solvation free energies from extremely accurate explicit solvent simulations that have resulted in an error of 1.06 kcal/ mol for the CHARMM force field for 15 neutral amino acid side chain analogs. 60 In comparing with the explicit membrane insertion profiles from a recent study, 59 we find that the implicit free energy profiles with our new for- 
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malism agrees well with the data available for Asn, Asp, and Ser analogs. The results of the two-dielectric model GBSW do not agree with the experimental results as well as our model, especially for Met and Phe analogs the errors were larger than 2 kcal/ mol. Furthermore, there are qualitative differences with the GBSW model for ethanol ͑which should be less favorable in the membrane interior͒ and for all of the aromatic molecules as described below.
Aromatic residues ͑Tyr, Trp, and Phe͒ are known to be located predominantly in the membrane interface regions of membrane proteins. 61, 62 This observation has been quantified further by neutron diffraction measurements of the transbilayer distribution of Ala-Trp-Ala-O-tert-butyl peptide in oriented dioleoyl phosphatidylcholine ͑DOPC͒ bilayers. The distribution of its geometrical center was described by the combination of two Gaussian functions and resulted in the rather broad range from 9.5 Å to 33.1 Å with the center located at 24.30 Å from the bilayer center. 63 Our HDGB model, without any radius modification, predicted the location of free energy minimum of Tyr and Trp analogs at 16.0 Å and 15.0 Å, respectively ͑Fig. 11͒, which were just above the ester group region for all values of the surface tension parameter. For Phe analog, the free energy minimum was not observed around interface. The predicted value for Trp analog is at the lower end of the experimental range for the location of the Trp residue of Ala-Trp-Ala-O-tert-butyl peptide, but close to the average location of tryptophan residues in a number of membrane proteins 61 and the results of explicit MD simulations of indole molecule. 64 The transfer free energy of 3-methylindole from water to membrane was estimated by our model to be −2.3 kcal/ mol, which qualitatively agrees with the range of experimental values. 27, 63, 65 The two-dielectric membrane model GBSW did not predict a free energy minimum at the interface for any of the three aromatic compounds which is expected to have an effect in simulations with GBSW where the localization of aromatic residues at the interface plays an important role. The empirical solvent-exclusion model of membrane proteins by Lazaridis estimated the transfer free energy of 3-methylindole from water to the interface to be −1.7 kcal/ mol, which is in agreement with our results. The position of the Trp residue of Ala-Trp-Ala-O-tert-butyl peptide was found to be 14.5 Å in his two-dielectric representation of biological membranes, which is also similar to our results for 3-methylindole. However, more experimental and simulation data may be needed in order to assess the accuracy of our implicit model in more detail. FIG. 11 . Solvation free energy profiles of amino acid side chain analogs along the z axis are shown for our implicit model GB model without the radius correction ͑solid line͒ and with the radius correction ͑dashed line͒, the two-dielectric model GBSW ͑Ref. 24͒ ͑empty triangle͒, and the explicit MD simulation results ͑Ref. 59͒ ͑solid line with error bar; only for methanol, acetamide, and acetic acids͒. We used surface tension parameters of 15 cal/ mol Å 2 . The arrow indicates the experimental transfer free energy from cyclohexane to water for uncharged species ͑Ref. 74͒ at pH 7.
C. Molecular dynamics simulations of melittin from bee venom
Melittin is an amphipathic membrane-lytic ␣-helical peptide with 26 amino acid residues found in bee venom. 52 Melittin has become a benchmark system for membrane environments with an extensive accumulation of experimental and computational data. The location of melittin ͑defined as the projection of the atomic coordinates along the bilayer normal͒ in oriented DOPC bilayers was determined at 17.5 Å from the membrane center with a Gaussian width of 4.3 Å by x-ray crystallography using an absolute-scale refinement method. 66 Figure 12 shows the trajectory of the z component of geometrical center of melittin over 10 ns of MD simulation with different surface tension parameters. The switching function in Fig. 5 was used. Since our membrane model describes the DPPC lipid membrane, we adjusted the positions from experiments and the explicit MD simulations in Fig. 12 based on the difference in the thickness of the hydrocarbon core between DPPC and DOPC ͑28.5 Å for DPPC and 27.1 Å for DOPC͒. 37 The geometric center of melittin averaged over the last 2 ns of our simulations were found to be 22.9, 20.5, and 19.1 Å for surface tension values of 5, 10, and 15 cal/ mol Å 2 , respectively ͑Table II͒. With a surface tension value of 15 cal/ mol Å 2 our predicted location of melittin agrees best with the adjusted experimental value of 18.2 Å. We also computed the difference between the solvation energies with our implicit membrane model and with an implicit homogeneous dielectric environment ͑ = 80͒ for the conformations sampled at the end of implicit membrane simulations of melittin ͑Table II͒. The free energy of partitioning of unfolded melittin in aqueous solvent into folded melittin in the membrane bilayer was estimated experimentally to be −7 to − 8 kcal/ mol. 67 With ␥ = 15 cal/ mol Å 2 we find a difference in solvation energy of −10 kcal/ mol for the folded conformation between aqueous solvent and the membrane. In comparison to the experimental result this value is expected to overestimate the transfer free energy since we ignore the ͑positive͒ free energy contribution from folding melittin into its membrane-bound conformation in aqueous solvent in the absence of the membrane. While we cannot TABLE I. Free energies of transfer from the center of the membrane to bulk solvent for neutral amino acid side chain analogs are computed without the radius modification ͑uncorrected͒ and with the radius modification ͑corrected͒. They are arranged in increasing order of the solvent accessible surface area ͑SASA͒ and compared with the experimental data ͑Ref. 74͒ and results from the two-dielectric model GBSW ͑Refs. 24 estimate the total transfer free energy of melittin from aqueous phase to membrane interface from the current study, our estimate for the transfer energy of the folded conformation of melittin appears to be in good qualitative agreement with the experimental data. Figure 13 shows the snapshots of melittin at the end of 10 ns MD simulation in order to illustrate its relative orientation in the membrane. Previous 3.5 ns simulations of melittin with the two-dielectric implicit membrane model GBSW found the positions of the center of the mass of melittin to be in the region between 12.4 Å and 13.4 Å which is just above their membrane interface ͑12.5 Å͒ as well as 15.3 Å for a small kink angle conformation and 5.8 Å for a perpendicularly oriented conformation. 24 Their results agree with the 600 ps explicit MD simulation, 8 but not with the experimentally observed distributions of melittin in lipid bilayers. 66 The surface tension coefficient used in GBSW calculations 24 was rather high at 40 cal/ mol Å 2 , while we used values in the range from 5 to 15 cal/ mol Å 2 , In our model the use of a higher surface tension value would also drive the melittin position much closer to the membrane center ͑data not shown͒, but the choice of a high surface tension value would lead to larger deviations for the amino acid side chain test systems described above.
As mentioned above, we also performed a simulation of melittin with a corrected nonpolar contribution as shown in Fig. 10 . In this case, the trajectory of the z component of geometrical center over 4 ns of MD simulation is located on average ϳ1 Å closer to the membrane center for all three surface tension parameters ␥ = 5, ␥ = 10, and ␥ = 15 cal/ mol Å 2 . A shift closer to the membrane center with the altered profile is not surprising, since the nonpolar contribution is reduced in the region from z = 5 to z = 15 Å. With such a shift, the melittin center of mass is still very close to the experimental data, but it begins to approach the results from the explicit solvent simulations.
D. Molecular dynamics simulations of bacteriorhodopsin
One of the motivations for using the implicit solvent model over an explicit solvent representation is the possibility to perform molecular dynamics simulations of membrane-bound proteins or peptides that are not feasible with an explicit solvent simulation due to the size of the molecules and/or the length of the desired simulation time. In order to demonstrate that our model is applicable to the study of larger integral-membrane-bound proteins we have tested our new formalism on bacteriorhodopsin where extensive reference data is available from simulations with explicit water and lipids. 51, 68, 69 Figure 14 shows the backbone root mean square deviation ͑bRMSD͒ and the z component of the center of mass over 7 ns of molecular dynamics simulation of bacteriorhodopsin with our implicit membrane HDGB model. We defined the transmembrane ͑TM͒ residues as residues whose C ␣ atoms were at the beginning of the simulation ͑t = 0͒ within the low-dielectric continuums, that is, the inner two slabs in Fig. 2͑b͒ ͑the thickness of 30 Å.͒ The HDGB simulation of bacteriorhodopsin that was started from the experi- The bRMSD for all residues, TM residues, and non-TM residues are shown in black, dark gray, and light gray respectively. The dashed lines indicate the range of bRMSD from the explicit MD simulations of bacteriorhodopsin trimer ͑Ref. 69͒. mental structure remained stable throughout the simulation. The bRMSD of the mean structure computed from 2 to 7 ns was found to be 1.26 Å ͑0.92 Å for the transmembrane residues and 1.68 Å for non-TM residues͒. The average z component of the center of the mass was −1.51 Å. The total bRMSD of the mean structure from our simulation is comparable to the range of mean-structure bRMSD from 1.09 Å to 1.54 Å of the 5 ns explicit MD simulation of bacteriorhodopsin trimer, 69 while a 200 ps MD simulation with the empirical solvent-exclusion model of Lazaridis gave a total bRMSD of 2.96 Å. We note that the retinal was not included in the simulation performed by Lazaridis, which may explain the larger deviation from the experimental structure. These results suggest that our new formalism is well suited for the study of integral-membrane proteins.
V. DISCUSSIONS
The excellent agreement between our HDGB model and PB theory ͑Fig. 7͒ demonstrates that the idea of using an apparent dielectric constant profile may be used successfully for assigning a local dielectric constant to each solute atom in a heterogeneous dielectric environment and for computing effective atomic Born radii according to Eq. ͑6͒. This scheme effectively implements for the first time a heterogeneous dielectric environment within the generalized Born formalism, leading to a more realistic yet efficient model of biological membranes. The dielectric constant profiles used here are based on the three-dielectric model of the membrane-water environment. Our partitioning of biological membrane is based on dielectric profile data obtained by explicit molecular dynamics simulations. 22 We would like to point out, however, that there are many other possible ways of partitioning the membrane-water system into layers of dielectric slabs. An arbitrary modification to a different partitioning scheme of the membrane-water system ͑both in terms of dielectric constants and widths of continuum slabs͒ is straightforward, and not limited in any way by the new scheme proposed here. This leaves the exact choice of the dielectric profile as a tunable feature of an implicit membrane model, which can be adjusted to match experimental data in future studies. We note that a two-dielectric model of biological membranes, as used in previous efforts, appears to be a poor approximation ͑see Fig. 3͒ . Existing schemes 24, 25, 27 are also limited by the fact that they require that the membrane and the solute cavity have the same dielectric constant in order to arrive at a twodielectric representation.
Although our membrane GB model provides a flexible scheme of describing biological membranes, the model still lacks some important features such as the surface charge distribution of the head group region and dynamic modulations of membrane surfaces, which are found in vivo. The effect of the surface charge distribution, for example, is important in aggregation of ␤-amyloid peptides on membrane surface. 70 However, in principle, it is possible to include such effects with an implicit inclusion of salt effects based on Debye-Hückel theory. 71 We also point out that our implicit membrane GB model cannot be applied directly to transmembrane proteins with channels such alamethicin 72 or
KcsA channel. 73 In these cases, explicit solvent molecules would have to be added in the channel region, which is feasible, but introduces additional technical challenges.
Many issues remain to be addressed in future developments of our new implicit membrane model. As mentioned above, the change of the effectively excluded molecular volume upon membrane insertion needs to be investigated in more detail. Another important issue is the choice of appropriate values for the friction coefficients used in Langevin molecular dynamics. In this study, we assumed the same friction coefficients inside and outside of membranes. Recently, the separation of the nonpolar interaction term into two distinct terms, a solute-solvent van der Waals term and a cavity formation term, was shown to be important in modeling energetics of proteins. 16, 28 This may contribute significantly to results of simulations of transmembrane proteins and we are planning to test these ideas in the context of our membrane model as well.
Overall, our new implicit model for biological membranes appears to capture the salient features of such systems. The development of implicit models for membranes is motivated by the possibility to perform MD simulations of large-size transmembrane proteins that are not feasible by conventional explicit MD simulations. We have demonstrated the applicability of our implicit membrane HDGB model to the simulation of membrane-bound peptides and integral membrane proteins by showing the stability of molecular dynamics simulations of melittin and bacteriorhodopsin.
VI. CONCLUSION
We propose a modification of the standard GB theory that can be applied to the heterogeneous dielectric environment generated by lipid membrane and water. The membrane-water system was described as a layer of dielectric continua of three distinct dielectric constants ͑hydrocar-bon interior, ester group region, and high dielectric region͒. The apparent dielectric constant profile was introduced for calculating the effective atomic Born radii in such a multidielectric environment. The proposed modification was successful in predicting the electrostatic contribution of solvation free energy of the M2 channel-lining segment from nicotinic acetylcholine receptors with a relative error of 0.17% compared to the exact finite-difference solution of the Poisson equation. Langevin molecular dynamics simulations of melittin and bacteriorhodopsin were stable over the entire simulation time of 10 ns and 7 ns, respectively. In melittin simulations the location of center of melittin along the membrane normal remained in excellent agreement with the experimentally determined distribution, especially when an empirical surface tension parameter of 15 cal/ mol Å 2 was used. The solvation free energy profile of a water molecule, however, shows that care must be taken to apply our model to a small molecule such as water since the effect of the molecular volume change from bulk water region to lipid membrane on the transfer solvation energy may not be negligible. When the effect of volume change was taken care appropriately, the transfer free energy of the amino acid side chain analogs predicted by our model qualitatively agrees with the experimental result of the transfer free energy from cyclohexane to water. We plan to investigate the extent of the change in excluded molecular volume between water and membrane phases to address this issue in a future study.
